BACKGROUND: Genetic variation in calcium signaling pathways is associated with Kawasaki disease (KD) susceptibility and coronary artery aneurysms (CAA). Expression quantitative trait locus analysis for KD-associated variants in calcium/sodium channel gene solute carrier family 8 member 1 (SLC8A1) revealed an effect on expression of urotensin 2 (UTS2). We speculated that UTS2 is influenced by genetic variation in SLC8A1 and contributes to disease pathogenesis. METHODS: We measured levels of UTS2 and its receptor in blood and tissues using quantitative reverse transcriptionpolymerase chain reaction, enzyme-linked immunosorbent assay, and immunohistochemical staining. RESULTS: UTS2 transcript levels were higher in the whole blood of subjects with KD homozygous for three risk alleles in SLC8A1 (P = 0.002-0.006). Increased levels of plasma UTS2 varied as a function of SLC8A1 genotype (P = 0.008-0.04). UTS2 and UTS2 receptor were expressed in mononuclear inflammatory cells and spindle-shaped cells in the coronary arterial wall of a patient suffering from KD with CAA and in a femoral endarterectomy specimen from an adult patient with peripheral aneurysms following KD in childhood. CONCLUSION: Host genetics influences UTS2 levels, which may contribute to inflammation and cardiovascular damage in KD.
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K awasaki disease (KD) is an acute, self-limited vasculitis of the systemic, medium-sized arteries (1) . Without treatment, about 25% of patients suffering from KD develop coronary artery aneurysms (CAA), making it the most common cause of acquired heart disease in children in developed countries (2) . Although the acute febrile illness is selflimited, the formation of CAA and ongoing tissue inflammation result in long-term morbidity (3) . The exact mechanism of CAA formation in patients suffering from KD has not been elucidated. However, evidence suggests that myofibroblastlike cells mediate damage to the arterial wall and may have an important role in aneurysm formation (4) . Other complications of KD include aneurysms in systemic arteries and cardiac sequelae including cardiac fibrosis (3, 5, 6) .
Although the etiology of KD is unknown, previous epidemiologic studies suggest that host genetics influences KD susceptibility (7, 8) . Recently, we reported three singlenucleotide polymorphisms that are in linkage disequilibrium (r 2 = 0.56-0.93) in the gene solute carrier family 8 member 1 (SLC8A1: rs10490051, rs13017968, and rs12989852) and that are associated with KD susceptibility and CAA (9) . Expression quantitative trait loci (eQTL) analysis was performed on one of the three SLC8A1 variants (rs13017968), which was found to influence the expression of urotensin 2 (UTS2).
UTS2 is an 11 amino acid cyclic peptide expressed in monocytes, endothelial cells, vascular smooth muscle cells, and fibroblasts. It has diverse effects upon binding to the urotensin 2 receptor (UTS2R), including potent vasoconstriction mediated by vascular smooth muscle cells (VSMCs), proliferation of VSMCs and fibroblasts, and chemotaxis of inflammatory cells (10, 11) . UTS2 increases expression of monocyte-chemoattractant protein-1 (MCP-1), a chemoattractant for monocytes that was previously reported to be elevated in patients with KD (12) (13) (14) . UTS2 itself is a chemoattractant for monocytes that express the UTS2R (15) . UTS2 has also been associated with myocardial and cardiac fibrosis (16, 17) . However, the role of UTS2 in KD has not been previously investigated. In the present study, we speculated that subjects with KD homozygous for SLC8A1 risk alleles have increased UTS2 expression, which contributes to inflammation and cardiovascular damage. We tested the hypothesis by studying UTS2 transcript levels in blood, as well as UTS2 and UTS2R protein concentrations in blood and their distribution in tissues from patients with KD.
METHODS

Subjects
Two subject cohorts were used for three different analyses. Cohort 1 (n = 146) comprised subjects for whom we had previously published transcriptome data and cohort 2 (n = 30) was an independent cohort used to validate the transcript abundance data from cohort 1 and to measure protein levels of the molecules of interest. The demographic and clinical characteristics of the 30 subjects with KD (cohort 2) are presented in Table 1 . The subjects were grouped by the SLC8A1 genotype for the three risk alleles and the data are presented in Supplementary Table S1 (rs10490051), Supplementary Table S2 (rs13017968), and Supplementary Table S3 (rs12989852). Allele frequencies for the three SLC8A1 risk loci single-nucleotide polymorphisms (rs10490051, rs13017968, and rs12989852) are presented in Supplementary Table S4 for both the independent cohort of subjects suffering from KD (cohort 2) and for control subjects from the 1000 Genomes database. All subjects met the American Heart Association (AHA) criteria for KD. The variable zworst is the maximal standard deviation units from the mean (z-score) measurement of the internal diameters in mm of the proximal right coronary arteries and left anterior descending coronary arteries normalized for body surface area. Dilatation of the coronary arteries was defined as a z-score of ≥ 2.5, CAA was defined as a z-score of ≥ 4, and giant CAA was defined as a z-score of ≥ 10. Laboratory data were obtained during the acute phase before intravenousimmunoglobulin (IVIG) administration. Parental informed consent and patient assent were obtained from all subjects. The study protocol was reviewed and approved by the University of California, San Diego Institutional Review Board.
Sample Collection and RNA Extraction EDTA plasma was collected in tubes containing sodium EDTA during the acute phase before IVIG administration, and processed within 48 h of sample collection. Peripheral blood mononuclear cells were collected in tubes containing sodium heparin and isolated by density gradient centrifugation using Histopaque (Sigma Aldrich, St. Louis, MO) within 48 h of sample collection. The plasma samples were stored at − 80°C until use. Whole blood was collected in PAXgene tubes (PreAnalytiX, Homebrechtikon, Switzerland) during the acute phase before IVIG administration. PAXgene tubes were frozen at − 20°C until RNA extraction. RNA extraction was performed using PAXgene blood mRNA kit (Qiagen, Hilden, Germany) according to manufacturer's instructions.
Tissue Samples and Histology
Formalin-fixed, paraffin-embedded tissues were obtained from two subjects with a history of KD, and one control patient. Tissues for case 1 were obtained at the time of autopsy and tissues for case 2 were obtained at the time of surgery. The demographic and clinical characteristics of case 1, case 2, and the control are presented in Table 2 . The complete clinical course of cases 1 and case 2 was previously published (5, 6, 18) . Informed consent was obtained from the subjects or their parents. Histochemical staining with Masson trichrome stains was performed using standard techniques.
Microarray Analysis UTS2 transcript levels in the whole blood of 131 paired acute and convalescent subjects with KD were analyzed using a published microarray data set (19) . Microarray probe location was indicated in Supplementary Figure S1 . The demographic and acute clinical characteristics of the subjects used for the microarray analysis are presented in Table 3 
Genotyping
Genomic DNA was extracted from the whole blood using Wizard Genomic DNA purification kit (Promega, Madison, WI), or from formalin-fixed, paraffin-embedded tissues using QIAamp DNA FFPE tissue kit (Qiagen, Hilden, Germany). The subjects with KD were genotyped by PCR for SLC8A1 rs10490051, rs13017968, and rs12989852 (Life Technologies, Waltham, MA).
Quantitative Reverse Transcription-Polymerase Chain Reaction Validation of Microarray Results
To validate published microarray results showing differential UTS2 expression by SLC8A1 genotype, UTS2 transcript levels for an independent cohort of 30 subjects with KD were measured by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). cDNA was made from whole-blood RNA collected in PAXgene tubes (SuperScript III reverse transcriptase, ThermoFischer, Waltham, MA). qRT-PCR was performed according to the manufacturer's instructions using commercially available UTS2 Taqman primers (ThermoFischer). The Taqman PCR product location is shown in Supplementary Figure S1 . The relative abundance of UTS2 transcripts was normalized to the expression levels of TATA box binding protein-associated factor, RNA polymerase I, B (TAF1B) (Life Technologies).
Plasma UTS2 and MCP-1 Measurement Using ELISA Plasma UTS2 and MCP-1 levels were measured by ELISA according to the manufacturer's instructions (UTS2: Phoenix Pharmaceuticals, Burlingame, CA, and MCP-1: R&D Systems, Minneapolis, MN). 
Ethnicity
Asian, n (%) 8 (27) Caucasian, n (%) 5 (17) Native American, n (%) 1 (3) Hispanic, n (%) 11 (37) Mixed, n (%) 5 (16) Illness day, median (range) a
(2-11)
Coronary artery status
Lab data ALT, alanine aminotransferase; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; GGT, gamma-glutamyl transferase; Polys, polymorphonuclear cells; WBC, white blood count.
a All data are represented as a median (interquartile range) unless otherwise specified. b Z-hemoglobin is the hemoglobin concentration normalized for age and expressed as standard deviation units.
Immunochemical Staining of Tissues
Tissues were fixed in formalin and embedded in paraffin. The tissue sections were deparaffinized and rehydrated using standard methods. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide (Abcam, Cambridge, MA). Antigen retrieval was performed using citrate buffer in a microwave for 10 min. Nonspecific binding was blocked using milk in PBS for 10 min (Abcam). Slides were incubated with primary antibodies, anti-human UTS2 rabbit polyclonal antibody, anti-human UTS2R rabbit polyclonal antibody, African American, n (%) 5 (4) Caucasian, n (%) 35 (27) Hispanic, n (%) 32 (24) Mixed, n (%) 37 (28) Illness day, median (range) a 6 (2-11)
Coronary artery status
Aneurysm, n (%) 12 (9) Dilated, n (%) 29 (22) Normal, n (%) 90 (69) 
RESULTS
UTS2 Transcript and Protein Levels
Using a KD microarray data set from paired acute and convalescent whole-blood samples (cohort 1), we determined that subjects with KD homozygous for any of the three risk alleles in SLC8A1 (rs10490051, rs10317968, and rs12989852) had higher UTS2 transcript levels (Supplementary Figures S2 and S3) . The effect of the risk alleles on UTS2 expression in the acute phase was validated using qRT-PCR in whole blood collected pre-treatment from an independent cohort of 30 subjects with KD (cohort 2), with higher UTS2 transcript levels in risk allele carriers (Figure 1) . However, no relationship was found between the risk alleles and expression of the receptor, UTS2R (data not shown). Next, we determined whether UTS2 plasma protein levels varied as a function of SLC8A1 genotype. Plasma UTS2 levels were higher in subjects with KD homozygous for the three risk alleles (Figure 2) .
To determine whether UTS2 and UTS2R are differentially expressed as a function of patient characteristics and disease outcome, we analyzed whole-blood UTS2 transcript levels in 131 paired acute and convalescent subjects with KD (19) . UTS2 transcript levels were significantly lower in the convalescent phase in subjects with KD with normal and dilated coronary arteries (P = 0.0001 and P = 0.004, respectively) (Figure 3a,b) . Demographic and clinical factors except for ethnicity were similar among subjects with KD with different SLC8A1 genotypes (Supplementary Tables S5-S7 ). However, subjects with self-declared Asian ancestry were more likely to be homozygous for all three risk alleles. This is consistent with data from the 1000 Genomes database that show individuals of Asian descent having a higher allele frequency for the SLC8A1 risk alleles (Supplementary Table  S4 ). No correlation was observed between UTS2 transcript levels and sex, illness day, age, coronary artery z-score, and the percentage of lymphocytes and monocytes in the whole blood of those subjects with KD (Supplementary Figure S4) . In the subject who was wild-type homozygous for all three single-nucleotide polymorphisms, UTS2 transcript levels were undetectable when compared with the levels in the risk allele carriers.
UTS2R was not differentially expressed as a function of KD disease status or coronary artery status (Supplementary Figure S5) . As UTS2R expression in blood was reported to be highest in monocytes (15) . Acute UTS2 transcript levels in whole blood of subjects with Kawasaki disease (KD) were stratified by (a) rs10490051 genotypes GG (n = 9), GA (n = 9), and AA (n = 12), (b) rs13017968 genotype AA (n = 8), AC (n = 8), and CC (n = 14), and (c) rs12989852 genotypes AA (n = 8), AG (n = 13), and GG (n = 9). Risk alleles are underlined. *Po0.05; **Po0.005 for homozygous risk allele vs. all others.
between the absolute number of monocytes and UTS2R transcript levels in whole blood, but no correlation was found (Supplementary Figure S6) .
Plasma MCP-1 Levels as a Function of SLC8A1 Genotype
Since UTS2 induces MCP-1 secretion in rat adventitial fibroblasts (12) , and in the present study, we showed that UTS2 transcript and protein levels are influenced by SLC8A1 genotype. Next, we determined whether SLC8A1 genotype influences MCP-1 secretion. Plasma MCP-1 levels (pg/ml) did not differ as a function of SLC8A1 genotype for any of the three SLC8A1 risk alleles (Supplementary Figure S7) . Similarly, there was no correlation between UTS2 and MCP-1 levels in acute plasma samples (data not shown).
UTS2 and UTS2R Expression in Tissues
To understand the relationship between the UTS2/UTS2R axis and inflammation of the coronary arteries, we performed a b Articles | Huang et al.
immunochemical staining for UTS2 and UTS2R in the coronary artery of case 1, a patient suffering from KD with CAA who died 10 months after the onset of the disease. The artery had a giant aneurysm with thrombotic occlusion of the lumen, with destruction of the internal elastic lamina and thickening of the intima (Figure 4a ). In the thickened intima, UTS2-, UTS2R-, and CD14-positive mononuclear inflammatory cells were present (Figure 4b-d, arrowheads) , as well as spindle-shaped cells (arrows). The SLC8A1 genotype of case 1 could not be determined due to the poor quality of the DNA. The normal control coronary artery showed positive staining for UTS2 and UTS2R in endothelial cells and vascular smooth muscle cells (VSMC) (Figure 4g,h) . No spindle-shaped cells or inflammatory cells were observed in the normal coronary artery.
To understand the possible relationship between the UTS2/ UTS2R axis and vascular fibrosis in KD, we performed immunochemical staining for UTS2 and UTS2R in an endarterectomy specimen surgically resected from the femoral artery of case 2, an adult patient suffering from KD with vascular fibrosis (6) . At 3 months of life, case 2 developed giant CAA and bilateral common femoral artery aneurysms. At 30 years of age, he developed claudication from stenosis of the common femoral artery bilaterally, and an endarterectomy was performed. Case 2 was homozygous for the risk alleles in SLC8A1 rs13017968, and heterozygous for the other two single-nucleotide polymorphisms. Masson's trichrome stain showed collagen deposition in the intima of the iliac artery (Figure 5a) . Abundant UTS2-and UTS2R-positive spindle-shaped cells were noted on the luminal side of the thickened intima, where collagen deposition was also observed (Figure 5b,c, arrows) .
DISCUSSION
In this study, we show that polymorphisms associated with KD susceptibility in SLC8A1, located on Chromosome 2, influence in trans the transcript abundance and protein expression of UTS2 on Chromosome 1. We have recently established the influence of SLC8A1 polymorphisms on susceptibility to KD and the risk of coronary artery abnormalities (9) . Using our KD microarray database, we showed that SLC8A1 genotype can influence expression of UTS2 transcripts in whole blood, with the highest UTS2 transcript abundance in subjects homozygous for the SLC8A1 risk alleles. In an independent cohort, we confirmed that subjects with KD homozygous for all three risk alleles have increased UTS2 transcript levels and plasma protein levels. UTS2 and UTS2R were expressed in inflammatory cells and spindle-shaped cells with a myofibroblast-like morphology in the coronary artery. UTS2 and UTS2R were also expressed in spindle-shaped cells in an endarterectomy specimen from a remodeled aneurysm in the femoral artery following KD. These data suggest a possible role for UTS2 and UTS2R in vascular inflammation, aneurysm formation, and arterial remodeling.
The recruitment of monocytes to the arterial wall during acute KD could contribute to vessel wall inflammation and aneurysm formation. The exact mechanism of CAA formation in KD has yet to be clarified, but evidence suggests that monocytes and MCP-1, a chemoattractant for monocytes, are involved in the process (20, 21) . Monocytes were demonstrated to be more abundant during acute KD, particularly the CD14+CD16+ subpopulation (22) . Studies conducted by Zhang et al (12) determined that UTS2, by binding UTS2R, increases expression and secretion of MCP-1 in rat aorta adventitial fibroblasts. Segain et al. (15) reported high UTS2R expression in CD14+CD16+ monocytes, and that UTS2 is a chemoattractant for monocytes that express UTS2R. UTS2 mRNA is most abundantly expressed in classical monocytes that are CD14+CD16 − (23). Although increased plasma UTS2 levels did not correlate with increased plasma MCP-1 levels, UTS2 may have a role in monocyte chemotaxis in the arterial wall. The coronary arterial wall of a subject with KD who died with giant CAA showed positive staining for UTS2, UTS2R, and CD14 in infiltrating mononuclear inflammatory cells ( Figure 4 ). This suggests a possible role for UTS2 and UTS2R involvement in the recruitment of CD14+ monocytes to the arterial wall, thus contributing to vessel wall inflammation. It is also possible that in KD, the CD14+ monocytes expressing UTS2 and UTS2R can differentiate into myofibroblasts, as has been reported in systemic sclerosis patients (24) . Although plasma UTS2 levels did not correlate with coronary artery damage (data not shown), it is likely that the expression of UTS2 and the recruitment of cells occur in the tissues and not in the periphery. Our results raise the possibility that UTS2 and UTS2R could contribute to inflammation and CAA formation in KD through the induction of myofibroblast transformation in the vascular wall. Myofibroblasts are spindle-shaped cells that appear after cardiac injury and contribute to cardiac remodeling (25) . Myofibroblasts are formed through the process of epithelialto-mesenchymal transition (EMT), in which cells of mesenchymal origin, such as fibroblasts, can differentiate into myofibroblasts. The process is triggered by multiple mediators including transforming growth factor (TGF)-β (26) . Markers of myofibroblast phenotypic differentiation include expression of alpha-smooth muscle actin (αSMA), increased collagen synthesis, and enhanced cell migration (25) . We have previously reported that myofibroblast-like cells and TGFβ have a role in aneurysm formation in those patients suffering from KD (4). Myofibroblast-like cells were found in the coronary arterial wall of KD patients and were shown to express IL-17, which recruits pro-inflammatory cells to the arterial wall to contribute to aneurysm formation and arterial damage. Studies by Zhang et al. demonstrated that UTS2 can induce increased TGFβ expression and secretion, αSMA expression, collagen synthesis, and cell migration in a timeand concentration-dependent manner in rat adventitial fibroblasts, suggesting that in rats, UTS2 and UTS2R can induce phenotypic differentiation of adventitial fibroblasts to myofibroblasts (27, 28) .
UTS2 may have a role in ongoing inflammation and persistent aneurysms in the convalescent stages of KD. In the present study, we showed that UTS2 and UTS2R were expressed in myofibroblast-like cells in both a coronary artery specimen 10 months post-KD ( Figure 4 ) and an endarterectomy specimen with dense fibrotic regions with collagen deposition ( Figure 5 ). Myofibroblasts have an important role in the development of aneurysms (4) and after formation of CAA, the aneurysmal arterial walls of patients with KD may remodel with activated myofibroblasts causing luminal narrowing and occlusion (29) . UTS2R is a G-coupled protein receptor that, upon binding to UTS2, leads to downstream signaling that potentiates L-type calcium channels in cardiomyocytes (30) . Genetic variation in calcium signaling pathways influences KD susceptibility and aneurysm formation (8) . Investigating the role of UTS2 in calcium signaling through UTS2R may provide further insight into the role of UTS2 and UTS2R in KD pathogenesis. We recognize both strengths and limitations of the present study. This study draws a link between genetic risk factors for KD that serve as an eQTL for UTS2, and increased levels of this protein that may recruit inflammatory cells to the arterial wall and contribute to EMT, a process associated with aneurysm formation.
We recognize the descriptive nature of this study that should be viewed as hypothesis generating. Limitations include the small number of acute and convalescent paired transcriptome data available from subjects with CAA, making it difficult to determine whether persistence of elevated UTS2 levels in those with CAA during convalescence is due to persistent vascular wall inflammation or is an artifact of small sample size, the small number of KD autopsy tissues available for immunochemical studies, and the inability to genotype one of the tissue donors due to the poor quality of the DNA.
In summary, we demonstrated that polymorphisms in SLC8A1 influence the transcription of UTS2, with higher UTS2 transcript abundance and plasma protein levels observed in subjects with KD homozygous for SLC8A1 risk alleles. Both UTS2 and UTS2R were expressed in mononuclear inflammatory cells and spindle-shaped, myofibroblast-like cells in the coronary arterial wall of a subject with CAA and in spindle-shaped, myofibroblast-like cells in the femoral arterial wall of another subject with Articles | Huang et al.
peripheral aneurysms following KD. These data suggest that UTS2 and UTS2R may have a pro-inflammatory role associated with monocyte recruitment and myofibroblast generation that contributes to formation of CAA.
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